a Amino-functionalized inorganic silica nanoshells with a diameter of 511 AE 57 nm are efficiently used as hydrogen ion binders with a base dissociation constant of (1.2 AE 0.1) Â 10
Introduction
Spatiotemporal structures of self-organized reactions can interact with a self-assembly on a much smaller lengthscale. 1 Nanoparticles have been shown to be regulated with a pH-oscillator [2] [3] [4] or an autocatalytic reaction resulting in acidic fronts utilizing buoyancy. 5 Under different conditions, the aggregation and disaggregation of these nanoparticles can be influenced. If the functional groups, attached to the surface of the nanoparticles, are capable of dissociation in a basic medium, the electrostatic force overcompensates the van der Waals force 2, 3, 5, 6 which leads to the disappearance of the coherence of these nanoparticles. The relationships between the nanoparticles and nonlinear reactions have allowed further perspectives: the mechanical properties of pH-responsive hydrogels, used for drug delivery or therapy, 7 can also be affected by these chemical systems. 4, 8 Although the existence of spatial patterns in nature is one of the most common phenomena, their detailed investigation started only in the middle of the 20th century. One of the first steps was Alan Turing's reaction-diffusion model 9 in which stationary structures can evolve. From this time, a large number of reactions yielding spatiotemporal patterns have been thoroughly studied.
The well known Belousov-Zhabothinsky reaction 10 was the first exhibiting both oscillatory and excitable behavior in the form of target patterns or spirals. Various Landolt-type reactions, like the thiourea-iodate-sulfite reaction, 11 and the bromatesulfite-ferrocyanide, 12 the ferrocyanide-iodate-sulfite, 13 and the halogen-free hydrogen-peroxide-sulfite systems, 14 have been able to produce intriguing labyrinthine and Turing structures. The iodate-arsenous acid 15, 16 and the chlorite-tetrathionate reaction 17 served as models to study the buoyancy effects on simple chemical fronts. 18 The properties of these reactions have also been studied in different structured media to elicit their particular mechanism. 19, 20 One of the model reactions giving rise to pH-fronts reproducibly is the chlorite-tetrathionate (CT) reaction. The reaction is an autocatalytic process in which hydrogen ions play the role of an autocatalyst. which provides the same amount of the autocatalyst with respect to the limiting reactant tetrathionate i.e., 6[S 4 O 6 2À ] 0 . 24, 25 Using a highly viscous or gelled, elastic reaction medium like gelatin, polyacrylamide or agarose, where convection is negligible, pure reaction-diffusion fronts develop, so the effect of diffusion as a sole transport process can be investigated. [26] [27] [28] [29] [30] Typically an initially planar front retains its shape during propagation unless the mobility of the autocatalyst is significantly lower than that of the reactants. If the autocatalyst is reversibly immobilized, the initial planar symmetry can be lost and a cellular structure may appear. [26] [27] [28] [29] [30] In this work, our aim is to study how a self-assembly with a nanometer length scale can influence a macroscopic selforganizing system of a millimeter size. Namely, the influence of hollow inorganic nanospheres (HINS) [31] [32] [33] on the pH reactiondiffusion front arising from the CT model reaction is investigated experimentally. Furthermore the impact is quantified by determining the characteristics of the reaction-diffusion fronts such as front velocity or width.
Experimental
The amino-functionalized hollow nanospheres were synthesized as described previously 33 and summarized in the ESI. † To conduct the reactions, we used analytical-grade reagents except for sodium chlorite, which had 80% purity. The experiments were carried out in an agarose gel matrix 34 to avoid convection and hence, diffusion was the only transport process to consider. Accordingly, the final mixture contained, besides the two reagents -sodium chlorite and potassium tetrathionate -bromophenol blue as an indicator and amino-functionalized hollow silica nanospheres to bind hydrogen ions as summarized in Table 1 . The initial pH was set to pH = 11.96 AE 0.02 with the addition of sodium hydroxide to inhibit the self-initiation of the reaction. The analysis of the nanoparticle size distribution was based on the pictures taken by scanning electron microscope similar to those shown in Fig. 1 . The monodisperse HINS have an average diameter of 511 AE 57 nm based on measurements of 400 spheres (for the details see the ESI †). Thus, we do not have to consider any size fluctuation effects on the pattern formation. To ensure reproducibility, we have stabilized the nanospheres by creating a suspension containing sodium hydroxide, sodium dodecyl sulfate, and the nanoparticles with concentrations of 1.48-2.96 mg cm
À3
. Fig. 1(c and d) illustrates that even a threeminute long sonication does not damage the structure of the hollow nanospheres. As a first step of the gel preparation, ultrasound sonication (n = 37 kHz; Elma S60H Elmasonic) was used for 13 s to ensure homogeneous distribution of the suspension. Then to an appropriate volume (1-7 cm 3 ) of suspension we added 90 mg of solid agarose. The beaker was covered by a glass plate and heated for 13 min under continuous stirring (Thermolyne Cimarec 2 hotplate, stirring at 300 rpm and 100 1C). The beaker was then cooled down for 2 minutes using another magnetic stirrer (Velp Scientifica microstirrer, 550 rpm) at room temperature. During this period, the condensed water drops were poured back into the solution to keep the solution volume constant. An appropriate volume of potassium tetrathionate and bromophenol blue stock solutions were pipetted into the mixture. Sodium chlorite was added into the solution 2 minutes later. The mixture was then poured into a 1.25 mm-deep, Plexi mold and covered with another Plexi plate. The mixture was polymerized for 50 minutes at room temperature (T = 25 AE 1 1C). The liquid was removed from the gel with a paper towel and 1.5 cm Â 7 cm pieces were cut. We placed 3-4 gel strips into a 2 mm-deep vessel, parallel and 5 mm apart. Small pieces, 1.5 cm Â 5 cm, were then cut off from each gel and a drop of 0.04 M sulfuric acid was added to the top. When the entire piece turned yellow, we wiped off the liquid acid from the surface of the gel and attached the two parts to induce front propagation. Finally, to prevent evaporation we closed the mold with tape around the edges.
The front propagation was monitored with a video camera (Unibrain 1394 Innovators) using an LED light source which irradiated the reaction vessel from below. The velocity of the front propagation was determined from the photos taken at 1-10 min intervals by determining the front position as a function of time.
The average dissociation constant of the amino-HINS was determined with potentiometric titrations at constant ionic strength (I = 0.5 mol dm À3 ) using a pH-meter (Thermo Orion 420). First a 50 ml sodium nitrate solution (c = 0.5 mol dm À3 )
was titrated with 0.01 mol dm À3 HCl which was followed by the titration of the solution with the same composition and 15.6 mg amino-HINS. The same procedure was followed but the solutions were titrated with 0.01 mol dm À3 NaOH. From the titrations of the acid the number of amino groups can be determined considering the -NH 2 + H + " ÀNH 3 + equilibrium, while the titrations with NaOH yield the number of appropriate ammonium ions. The amount of hydrogen ions was calculated for all cases. To obtain the number of aminogroups for a given volume of acid we subtracted the number of hydrogen ions in the sodium nitrate solution from that in the presence of the nanospheres. After the equivalence point the difference (Dn H +) became constant, giving the number of amino groups of the HINS. The same procedure was performed using the titrations with a base but the difference in the number of hydroxide ions (Dn OH À) gives the number of ammonium ions of the HINS. We also measured the initial pH of the solution from which the hydroxide ion concentration ([OH À ]) was calculated. Finally,
was used to estimate the average dissociation constant.
Results and discussion
To characterize the hydrogen ion binding capacity of the amino-HINS, we have determined the dissociation constant (K b ) from parallel titrations which is estimated to be
. This suggests that the nanoparticles are a stronger base than ammonia in water, and hence hydrogen ions can be easily removed from the system, which makes the amino-functionalized HINS an effective hydrogen ion removal agent.
Upon initiation, a planar, narrow reaction zone develops separating the blue colored reactant from the yellow colored products when HINS are added to the system. The autocatalytic reaction zone in the form of a reaction-diffusion front propagates through the gel with its shape sustained as shown in Fig. 2 when 15 mg or less nanoshells are introduced. Thus, the effect of the addition of the nanospheres is visually not observable; the gel appears homogeneous and the initial symmetry is kept throughout the experiments. A slight change in the yellow color corresponding to the product state in Fig. 2(b) is due to the slow oxidation of the indicator by the produced chlorine dioxide.
For the system with 15 mg nanoshells to reach the same position as for a nanoparticle-free one, significantly greater time is needed which proves that the amino groups bind the autocatalyst and the reaction rate slows down because of the decrease in the concentration of the autocatalyst. A further increase to 20 mg, however, results in so much hydrogen binding that front propagation cannot be sustained.
The front evolution was monitored and, after a transition period, we have found that the front position changes with time linearly (see Fig. 3 ), hence, the front velocity is constant. The actual value, however, is strongly affected by the amount of amino-functionalized nanospheres present in the system.
The addition of only 15 mg of nanospheres in 8 ml gel results in a decrease by an order of magnitude of the front velocity as shown in Fig. 4 .
In previous works 26, 27 carboxylate groups were immobilized into a polyacrylamide gel via preparing a polyacrylamidesodium methacrylate copolymer. The addition of 18 mM carboxylate ions as sodium methacrylate (corresponding to 60% binding of the autocatalyst) not only resulted in a similar decrease in the front velocity but also affected the pattern formation as the cellular acidity front developed from the initial planar one. The binding capability of the HINS is significantly stronger since the addition of 12 mg HINS-corresponding to 43% binding of the hydrogen ion-results in the same lowering of the front velocity. Thus, the amino-functionalized HINS have a stronger effect on front propagation speed than the introduction of immobilized carboxylate groups into a polyacrylamide-sodium methacrylate copolymer. To check for diffusion-driven lateral instability in the gel, we have conducted experiments in which we cut the gel into wider pieces (B6 cm Â 4 cm). The initial planar symmetry was kept for all the bindings where front propagation is sustained suggesting that the effective diffusion coefficient 35 was not lowered as previously 26, 27 because HINS are not immobilized in the gel, and the movement of the nanoparticles is freely possible.
The effect of the binding on the other property of the front, namely its width has also been investigated. A cumulative normal distribution function is fitted to the sigmoid shape of the stable front profile, and the standard deviation associated with it is taken as the reaction front width. Fig. 5 shows that even in the absence of the nanospheres, the front width is 200 mm which does not increase significantly until E40% of hydrogen is bound by the HINS. The significant number of nanospheres makes the removal of hydrogen more efficient resulting in lower reaction rate and substantial widening of the reaction front. The larger front width also indicates the increasing contribution of diffusion to the evolving structure.
Conclusion
In summary, we have shown that amino-functionalized hollow silica nanospheres can be effectively utilized to control propagation of pH fronts. Compared to the immobilized carboxylate groups, the amount of HINS needed to observe the slowing down by the same magnitude is significantly lower. Furthermore the one magnitude decrease in the front velocity results in at least a factor of two increase in the front width as was determined experimentally.
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